Efficient methods for the synthesis of dibenzophenanthroheptaphene (DBPH) and tetrabenzotriphenylenopyranthrene (TBTP) were developed. As a result, a series of unprecedented derivatives of DBPH (1a-c) and TBTP (2a-b) were conventionally obtained from the Scholl cyclodehydrogenation reaction of their respective tribenzopentaphene synthons. An alternative convergent synthesis of DBPH is also shown herein. The novel compounds were fully characterized by high-resolution matrix-assisted laser desorption ionization time of flight mass spectrometry (HR-MALDI-TOF-MS), nuclear magnetic resonance (NMR), UV-Vis absorption and emission spectroscopy. In addition, density functional calculations were carried out to gain insight into the structure and electronic properties of these novel molecules, which corroborates the experimental observations.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are chief candidates for applications in the field of organic materials. 1 This is due to many features, from which we note their high electron density, versatile synthesis, excellent chemical stability, and superior tendency to self-assemble into ordered structures. 2 The latter property permits the PAH derivatives to act as one dimensional charge transport materials. 3, 4 Thus, their ability to transport electrons upon interaction with either an electric field or a photon qualifies them to be potential components in optoelectronic devices. [5] [6] [7] [8] Various PAHs with structures ranging from symmetrical planar 9, 10 or contorted [11] [12] [13] [14] [15] to less symmetrical 16, 17 have been synthesized and studied extensively (see Fig. 1 for representative examples). PAHs have been drawing much prevalent attention lately because they can act as synthons to prepare graphene-related materials using chemical methods instead of the less controllable physical methods. 18 Several scalable synthetic approaches have been developed to prepare a wide range of PAHs. 12, 16, 19, 20 Most of these strategies entail an intramolecular oxidative cyclodehydrogenation final step, mainly the Scholl reaction which requires a Lewis acid and an oxidant. 21, 22 As part of our research on PAH derivatives with tapered symmetry, we reported recently the synthesis and structural characterization of a family of the trapezoidal tribenzo[ fg,ij,rst]pentaphene (TBP) derivatives bearing various aromatic side groups either at their wide or narrow bases. 23, 24 Building upon this result, we aimed at synthesizing more laterally extended derivatives than TBP, 25 contorted (c-HBC), 20 less symmetrical (DDHH), 17 (TBTP, 2) . The higher conjugation of compounds 1 and 2 is expected to lower their respective HOMO-LUMO energy gaps and hence improve their electron/hole charge carrier mobility. We attempted both convergent and divergent strategies to synthesise 1 and 2 by modifying and extending the conventional routes. However, lateral functionalization by Suzuki-Miyaura cross-coupling and Scholl cyclodehydrogenation reactions were the key steps to make the target molecules. Herein we report the synthesis, structural characterization, and photophysical properties of the first examples of laterally stretched graphene cross-section derivatives 1a-c and 2a-b.
Results and discussion
Scheme 1 summarizes our strategy for preparing the target derivatives DBPH and TBTP. We have recently reported the synthesis of compound 3, which involves the Knoevenagel condensation reaction of 2,7-dibromophenanthrene-9,10-dione and 1,3-diphenylpropan-2-one yielding 5,10-dibromo-1,3-diphenyl-2H-cyclopenta[l]phenanthren-2-one. The latter undergoes a [4+2] Diels-Alder cycloaddition reaction with phenyl vinyl sulfoxide affording 6,11-dibromo-1,4-diphenyltriphenylene, whose cyclodehydrogenation reaction provides 3 in good yield. 23 Lateral substitution of 3 with aryl groups was then possible under optimized Suzuki-Miyaura cross-coupling reaction conditions, 26 leading to the formation of TBP derivatives 4a-c (Scheme 1a). Before proceeding to the next step, the diarylated TBP derivatives 4a-c underwent additional purification through a series of Soxhlet extractions by washing off the impurities successively with hexane/ pentane/petroleum ether, and diethyl ether for 4 hours each, followed by extracting the desired compounds from hot toluene over the course of 24 hours. Scholl cyclodehydrogenation reaction of TBP derivatives 4a-c using iron(III) chloride in nitromethane yielded the desired fully aromatized DBPH derivatives 1a-c in very good yields. A similar strategy was employed to prepare TBTP derivatives 2a-b (Scheme 1b). Synthon 7 was isolated as a green solid after the Knoevenagel condensation reaction of 5 and 6. Compound 7 then underwent [4+2] Diels-Alder cycloaddition reaction with phenylvinyl sulfoxide in refluxing toluene to yield 6,11-dibromo-1,4-bis(4-bromophenyl)triphenylene 8. The latter synthon was fully aromatized via the Scholl cyclodehydrogenation reaction affording 3,5,10,12-tetrabromotribenzo[fg,ij,rst]pentaphene, 9. Palladium-catalysed Suzuki-Miyaura cross-coupling reaction 26 of 9 with the suitable p-alkyl benzene boronic acid or ester led to the isolation of tetra-substituted TBP derivatives 10a-b. Synthesis of the target TBTP derivatives 2a-b was then achieved by carrying out a second Scholl cyclodehydrogenation reaction. It should be noted that like the TBP synthons their respective TBTP products were purified by a series of Soxhlet extraction processes in order to ensure high purity of the final products.
It is worth mentioning that we have attempted an easier approach that requires fewer synthetic steps to prepare 1 and 2.
This shorter pathway consists of reacting di-and tetrabromo-1,4-diphenyltriphenylene synthons with aryl boronic acids/ esters under Suzuki-Miyaura cross coupling reaction conditions to make the corresponding di-and tetra-arylated-1,4-diphenyltriphenylene whose subsequent Scholl cyclodehydrogenation would provide DBPH and TBTP. However, all the efforts to prepare di-and tetra-arylated-1,4-diphenyltriphenylene have failed. Alternatively, we have developed a convergent synthetic route to make DBPH derivatives more conveniently by avoiding the synthesis of the less-soluble TBP intermediate 3 (Scheme 2). This synthetic strategy involves a double arylation of 6 via Suzuki-Miyaura cross-coupling reaction. The resulting compounds 11a-b underwent a Knoevenagel condensation with 1,3-diphenylpropan-2-one affording 12a-b.
[4+2] Diels-Alder cycloaddition reactions of the latter synthons with phenylvinyl sulfoxide yielded tetraphenyl triphenylene derivatives 13a-b, which were subsequently aromatized to their respective DBPH derivatives 1a-b by a single Scholl cyclodehydrogenation reaction step.
It is noteworthy that 1a-b and 2a have very low solubility in common organic solvents. Insertion of nonyl chains into DBPH and TBTP cores (i.e. 1c and 2b) only slightly improved their solubility in organic solvents, such as dichloromethane, tetrahydrofuran, and toluene. Nevertheless, even though some of the DBPH and TBTP target compounds could be analysed by 1 H-NMR spectroscopy, it was impossible to record their 13 C NMR spectra. Consequently, we have employed an efficient and well-known analytical tool for the characterization of PAH materials with low solubility, and that is high-resolution matrixassisted laser desorption ionization-time of flight mass spectrometry (HR-MALDI-TOF-MS) using trans-2-[3-(4-t-butyl-phenyl)-2-methyl-2-propenylidene]-malononitrile (DCTB) as the matrix. The aforementioned technique reveals the presence of compounds 1a-c and 2a-b without any noticeable impurities resulting from the starting materials or partially cyclodehydrogenated intermediates. Fig. 2 shows the isotopic patterns of 1a and 2c compared to their respective calculated peaks revealing examples on the high purity of the isolated compounds (see the ESI † for the HR-MALDI-TOF-MS spectra of the other derivatives). The photophysical characteristics of TBP synthons (4a-c and 10a-b) as well as the target compounds DBPH (1a-c) and TBTP (2a-b) were investigated by means of UV-Vis absorption and emission spectroscopy using THF as solvent (Fig. 3) . All the aforementioned derivatives displayed absorption spectra with a strong absorption band at ca. 300-310 nm in addition to broad shoulder bands ranging from 350 nm to 380 nm. Synthons 4a-c and 10a-b showed a strong emission band ranging between 410 nm and 420 nm, which is characteristic of the TBP core. 23, 27 Emission spectra of 1a-c were red-shifted by 10-20 nm when compared to their TBP synthons, revealing fluorescence peaks at B435 nm in addition to shoulder peaks at B465 nm.
Similarly, the bands in the emission spectra of the more extended core TBTP (2a-b) were red-shifted by B30 nm with respect to their TBP synthons, showing an intense peak at B445 nm and a less intense shoulder peak at B475 nm. The bathochromic shifts in the emission of DBPH and TBTP are expected due to the higher conjugation of their aromatic core versus the smaller aromatic core size of the TBP starting materials.
Density functional calculations of DBPH and TBTP (with R = H or CH 3 ) were carried out using B3LYP at the 6-31G* level basis set. Optimized structures of the target compounds (Table  S1 in the ESI †) confirm our explanation for the bathochromic shift in the emission properties when compared to their TBP synthons. It is worth noting that the optimized structures of DPBH reveal that its core retains its planar configuration even when it is doubly substituted by methyl groups. On the other hand, the TBTP core deviates from planarity and its structure becomes contorted when it is laterally substituted by four methyl groups whose steric hindrance induces a B201 dihedral angle at the bay region. Table 1 summarizes the HOMO-LUMO energy gaps obtained from the 0 -0 transition bands of the absorption-emission spectra (Fig. 3) , and which were found to be B405 and 400 nm for target compounds 1a-c and 2a-b, respectively. The unexpectedly high HOMO-LUMO energy gaps observed for 2a-b could be well attributed to the deviation from planarity discussed above, which hampers the full conjugation of the aromatic core. 
Conclusions
The versatile synthesis of a new class of laterally stretched trapezoidal PAH derivatives is shown herein, namely dibenzophenanthroheptaphene (DBPH) and tetrabenzotriphenylenopyranthrene (TBTP). The absorption and emission spectroscopic studies of these novel compounds display unique patterns and suggest in agreement with DFT calculations lower HOMO-LUMO energy gaps than the tapered tribenzopentaphene, which has a smaller aromatic core. Interestingly, the introduction of adjacent alkyl groups at the wide and congested bases of TBTP causes its core to deviate from planarity at the bay region leading to a contorted aromatic structure. These new DBPH and TBTP derivatives expand the scope of producing unsymmetrical tapered PAH derivatives with customizable structural modifications for applications in optical and electronic devices and use as synthons to produce graphene-related materials.
Experimental section-general considerations
All chemicals were used without further purification as purchased from Aldrich, Merck, Alfa-Aesar, and Fluorochem unless otherwise notified. All the reactions were done under a protective atmosphere using dry argon. The solvents, namely dichloromethane, ether, pentane, 1-butanol, methanol, hexane and toluene, were dried, deoxygenated, and bubbled with argon gas for 30 minutes. Millipore nitrocellulose membrane filters with 47 mm diameter and 0.22 mm pore size were purchased from Sigma-Aldrich and HiMedia. Column chromatography was carried out using silica gel 60, (0.040-0.063 mm), from Merck or Brunschwig. Thin layer chromatography was performed on aluminum sheets coated with silica gel 60 F254 and revealed using a UV lamp. UV-Vis spectra were recorded on a VWR UV1600PC spectrophotometer. Photoluminescence spectra were recorded on an Agilent G9800 Cary Eclipse Fluorescence spectrophotometer. NMR spectra were recorded on a Bruker BioSpin GmbH 600 MHz ( 1 H: 600 MHz, 13 C: 150 MHz) spectrometer using CDCl 3 or CD 2 Cl 2 as solvent and the chemical shifts (d) are given in ppm, coupling constants ( J) are given in Hz, and are all with reference to tetramethylsilane (TMS). The melting point was recorded on Electrothermal IA9200 apparatus. Mass spectra were recorded on the following spectrometers: EI spectra were recorded on an HP5988A Quadrupole spectrometer and MALDI-TOF spectra were recorded on an FT/ICR Bruker 4.7 T BioApex II spectrometer. All the MALDI spectra used DCTB as the matrix with a 337 nm nitrogen laser. . To a solution of 4a (100 mg, 0.19 mmol) in dichloromethane (25 mL) and purged with argon for 30 min, was added a degassed solution of FeCl 3 (0.61 g, 3.8 mmol, 20 eq.) in CH 3 NO 2 (2.6 mL) over 10 min. The reaction medium was refluxed for 6 hours where the color turned from light yellow to dark-brown. After evaporation of DCM, 150 ml of 1 M HCl solution were added to the residue and the resulting green suspension was sonicated for 30 min and filtered using a Millipore filter. The precipitate was washed several times with water and pentane. The precipitate was sonicated for 15 minutes in diethyl ether (5 mL), followed by THF, re-precipitated using hexane and dried, yielding 86 mg (86%) of the desired compound as a dark brown powder.
1a 7 . To a solution of 2,7-dibromophenanthrene-9,10-dione, 6 (1.2 g, 3.27 mmol) and 1,3-bis(4-bromophenyl)propan-2-one, 5 (3.2 g, 3.27 mmol) in methanol (50 mL), KOH (8 mg in 2 mL methanol) was added dropwise. The mixture was then refluxed for 6 h and cooled to room temperature. The green precipitate was filtered using a Millipore filter and washed with methanol (10 mL), yielding 1.8 g (81%) of the desired compound 7 as a green solid. 6,11-Dibromo-1,4-bis(4-bromophenyl)triphenylene, 8. 5,10-Dibromo-1,3-bis(4-bromophenyl)-2H-cyclopenta[l]phenanthren-2-one, 7 (0.65 g, 0.93 mmol) and phenylvinylsulfoxide (152 mg, 1 mmol, 0.13 mL) were refluxed under argon in dry toluene (15 mL) for 24 h. After cooling to room temperature, the solvent was evaporated and the crude product was concentrated, precipitated using hexane followed by Millipore filtration, affording the desired product as a yellow solid (473 mg, 73%). . This compound was prepared according to 'method B' using 6,11-dibromo-1,4-bis(4-bromophenyl)triphenylene, 8 (400 mg, 0.57 mmol) and a degassed solution of FeCl 3 (1.86 g, 11.49 mmol, 20 eq.) in CH 3 NO 2 (8.4 mL) in dichloromethane (10 mL). The reaction followed by work up yielded 297 mg (75%) of the desired compound as a dark brown powder. 2,7-Diphenylphenanthrene-9,10-dione, 11a. This compound was prepared according to ''method A'', using 2,7-dibromophenanthrene-9,10-dione, 6 (500 mg, 1.37 mmol), phenylboronic acid (333 mg, 2.73 mmol), Tris(dibenzylideneacetone)dipalladium (12 1,3,5,10-Tetraphenyl-2H-cyclopenta[l]phenanthren-2-one, 12a. To a solution of 2,7-diphenylphenanthrene-9,10-dione, 11a (150 mg, 0.416 mmol) and 1,3-diphenylpropan-2-one (87 mg, 0.416 mmol) in methanol (20 mL) KOH (2 mg in 1 mL methanol) was added dropwise. The mixture was then refluxed for 2 h and cooled to room temperature. The green precipitate was filtered using a Millipore filter and washed with methanol (10 mL) yielded 100 mg (45%) of the desired compound 12a as a green solid. 1,4,6,11-Tetraphenyltriphenylene, 13a. 1,3,5,10-tetraphenyl-2H-cyclopenta[l]phenanthren-2-one, 12a (160 mg, 0.299 mmol) and phenylvinylsulfoxide (59 mg, 0.389 mmol, 0.051 mL) were refluxed under argon in dry toluene (10 mL) for 24 h. After cooling to room temperature, the solvent was evaporated and the crude product was concentrated, and precipitated using hexane followed by Millipore filtration, affording the desired product as a pale yellow solid (100 mg, 62%). [2,1,10,9,8,7-vwxyza1b1] heptaphene, 1a. This compound was prepared according to 'method B' using 1,4,6,11-tetraphenyltriphenylene 13a (70 mg, 0.13 mmol) and a degassed solution of FeCl 3 (0.84 g, 5.2 mmol, 40 eq.) in CH 3 NO 2 (6.2 mL) in dichloromethane (15 mL). The reaction followed by work up yielded 55 mg (68%) of the desired compound as a dark brown powder.
2,7-Bis(4-butylphenyl)phenanthrene-9,10-dione, 11b. This compound was prepared according to ''method A'', using 2,7-dibromophenanthrene-9,10-dione, 6 (500 mg, 1.37 mmol), (4-butylphenyl) 472.2402)). 5,10-Bis(4-butylphenyl)-1,3-diphenyl-2H-cyclopenta[l]phenanthren-2-one, 12b. To a solution of 2,7-bis(4-butylphenyl)phenanthrene-9,10-dione, 11b (200 mg, 0.42 mmol) and 1,3-diphenylpropan-2-one (89 mg, 0.42 mmol) in methanol (20 mL), KOH (2 mg in 1 mL methanol) was added dropwise. The mixture was then refluxed for 2 h and cooled to room temperature. The green precipitate was filtered using a Millipore filter and washed with methanol (10 mL), yielding 125 mg (45%) of the desired compound 12b as a green solid. 6,11-Bis(4-butylphenyl)-1,4-diphenyltriphenylene, 13b. 5,10-Bis(4-butylphenyl)-1,3-diphenyl-2H-cyclopenta[l]phenanthren-2-one, 12b (175 mg, 0.27 mmol) and phenylvinylsulfoxide (53 mg, 0.35 mmol, 0.046 mL) were refluxed under argon in dry toluene (10 mL) for 24 h. After cooling to room temperature, the solvent was evaporated and the crude product was concentrated, and precipitated using hexane followed by Millipore filtration, affording the desired product as a pale yellow solid (100 mg, 57%). [2,1,10,9,8,7-vwxyza1b1 ]-heptaphene, 1b. This compound was prepared according to 'method B' using 6,11-bis(4-butylphenyl)-1,4-diphenyltriphenylene 13b (70 mg, 0.13 mmol) with a degassed solution of FeCl 3 (0.85 g, 5.2 mmol, 40 eq.) in CH 3 NO 2 (6.2 mL) in dichloromethane (15 mL). The reaction followed by work up yielded 55 mg (67%) of the desired compound as a dark brown powder.
